Strand-specific hybridization probes were utilized in in situ molecular hybridization specifically to localize replicative form DNA of Aleutian mink disease parvovirus (ADV). Throughout in vitro infection, duplex replicative form DNA of ADV was located in the cell nuclei. Single-stranded virion DNA and capsid proteins were present in the nuclei early in infection, but were later translocated to the cytoplasm. In neonatal mink, ADV causes acute interstitial pneumonia, and replicative forms of viral DNA were found predominantly in alveolar type II (1, 20, 37, 38) . This immune complex disease, classic Aleutian disease, was first described in 1956 (21), and evidence for its viral etiology was presented in the early 1960s (26, 27, 45 ). Yet, even though the disease has been studied for more than 30 years, the exact mechanism of its development and the cellular site of viral replication are still uncertain. The delineation of target sites is confounded by the fact that ADV is not neutralized by the massive amounts of antibody * Corresponding author. that are produced during the development of Aleutian disease (38), and consequently, the presence of infectious virus, viral proteins, and viral DNA in an organ or cell type may not be sufficient proof that true replication is occurring there.
Strand-specific hybridization probes were utilized in in situ molecular hybridization specifically to localize replicative form DNA of Aleutian mink disease parvovirus (ADV). Throughout in vitro infection, duplex replicative form DNA of ADV was located in the cell nuclei. Single-stranded virion DNA and capsid proteins were present in the nuclei early in infection, but were later translocated to the cytoplasm. In neonatal mink, ADV causes acute interstitial pneumonia, and replicative forms of viral DNA were found predominantly in alveolar type II cells of the lung. Viral DNA was also found in other organs, but strand-specific probes made it possible to show that most of this DNA represented virus sequestration. In addition, glomerular immune complexes containing intact virions were detected, suggesting that ADV virions may have a role in the genesis of ADV-induced glomerulonephritis.
Aleutian mink disease parvovirus (Aleutian disease virus; ADV) (10) causes a fatal, acute, interstitial pneumonia in seronegative neonatal mink. The clinical and pathological features of this disease have been described recently (1, 3, 31) and are characterized by severe respiratory distress with costal retractions and grunting, followed by lethargy and death within 24 h. The gross pathological findings in affected kits are limited to the lungs and consist of focal or diffuse reddening, meaty consistency, and moistening of the lung surface. Histologically the pneumonia is characterized by hyaline membranes covering the alveolar surface and hyperplasia and hypertrophia of alveolar type II cells. Viral inclusion bodies and ADV antigen have been demonstrated in nuclei of alveolar type II cells. It has been suggested that the clinical and pathological features of the disease may be a result of direct destruction of alveolar type II cells by ADV infection (1, 3, 31) . The type II cells produce the alveolar surfactant that lowers the surface tension in the lung (41) , and destruction of these cells results in the loss of this surfactant and development of respiratory distress and hyaline membrane disease. Deficiency of pulmonary surfactant is responsible for the development of a similar hyaline membrane disease in premature human infants; however, this is a result of type II cell immaturity rather than destruction (32) .
In seropositive mink kits and in adult mink, ADV infection does not cause pneumonia but results in a persistent infection that leads to chronic immune complex-mediated disease (1, 20, 37, 38) . This immune complex disease, classic Aleutian disease, was first described in 1956 (21) , and evidence for its viral etiology was presented in the early 1960s (26, 27, 45 ). Yet, even though the disease has been studied for more than 30 years, the exact mechanism of its development and the cellular site of viral replication are still uncertain. The delineation of target sites is confounded by the fact that ADV is not neutralized by the massive amounts of antibody * Corresponding author. that are produced during the development of Aleutian disease (38) , and consequently, the presence of infectious virus, viral proteins, and viral DNA in an organ or cell type may not be sufficient proof that true replication is occurring there.
Most nondefective parvoviruses, including ADV, encapsidate only one of the two possible single-stranded DNA molecules as the virion genome (22) . The complementary strand of DNA is produced during replication when duplex forms of DNA are detectable. Thus, a single-stranded probe with the opposite polarity of the viral genome will hybridize to both virion and replicative form (RF) DNA, whereas a probe with the same polarity as the viral genome will hybridize only to viral RF DNA. Thus, the distinction between sites of viral replication and sites of viral sequestration is facilitated.
We recently described the development of strand-specific hybridization probes and their use in Southern blot hybridizations to localize RF DNA of ADV (3; M. E. Bloom, R. E. Race, and J. B. Wolfinbarger, Intervirology, in press). In the present study we extended the use of these strand-specific probes for in situ hybridization studies of ADV replication in cell cultures and in infected neonatal mink to localize ADV replication to a cellular level. The data obtained from these in situ hybridization studies are correlated with Southern blot quantitation of viral genomes and localization of viral antigen by immunofluorescence assay (IFA). We found that the in situ hybridization technique distinguished between true sites of viral replication and sites of viral sequestration and thus provided the most sensitive approach to study the cellular localization of ADV replication.
MATERIALS AND METHODS
Cells and viruses. Cell culture-adapted ADV-G (10) was grown in feline kidney Sells (CRFK cells; 14) in RPMI 1640 supplemented with 10% fetal calf serum at 32°C as previously described (10) . Cells were infected at various multiplicities of infection (MOIs) of 0.0025 to 2.5 and harvested 6 to 96 h postinoculation (p.i.). At the time of harvest, monolayers were trypsinized for 10 min at 37°C, made 10% in fetal calf serum, and washed once in phosphate-buffered saline. In some experiments, subcellular fractionation was performed according to the procedure described by Tattersall et al. (44) .
In vivo-passaged ADV-Utah I virus (11) , obtained from United Animal Division, Middleton, Wis., was passaged once in newborn ADV-negative mink kits. An inoculum prepared from their lungs, livers, and spleens was prepared as previously described (1) and was adjusted to contain 107 adult mink 50% infective doses per ml.
Animals. All mink used in this study were the PLPG fixative for 1 h at 4°C and then for 3 to 4 h at room temperature. The blocks were then washed twice with distilled water, dehydrated through graded ethanols, and embedded in paraffin. Sections 5 ,um thick were mounted on poly-D-lysine-coated slides. Before subsequent manipulations, sections were deparaffinized with xylene (twice for 5 min) and hydrated through graded ethanols (5 min in 95%, 5 min in 70%). No difference in hybridization efficiency was noted between frozen sections or sections prepared in this way when PLPG was used as the fixative, but preservation of tissue morphology was much better in paraffin sections, and consequently such deparaffinized sections were used throughout the study.
(iii) Pretreatment of cells. Slides containing cell suspensions or sections were immersed in 0.2 M HCl for 20 min, rinsed in distilled water, and incubated at 37°C in 10 mM Tris (pH 7.4)-2 mM CaCl2, containing 5 pug of predigested proteinase K (Boehringer Mannheim) per ml, for 10 min. These conditions allowed satisfactory penetration of the probe as well as good preservation of cell morphology. Next, the slides were washed twice in 10 mM Tris (pH 7.5)-0.3 M NaCl and then incubated in the same solution containing 100 pug of RNase A and 10 U of RNase T1 per ml for 30 min at 37°C. After two rinses of 5 min each in 10 mM Tris (pH 7.5)-0.3 M NaCl, the slides were refixed in phosphatebuffered 5% paraformaldehyde (pH 7.2) for 2 h at room temperature. The slides were then rinsed twice in distilled water and acetylated (19, 24) to neutralize positive charges and thus reduce nonspecific electrostatic binding of the probe.
(iv) Prehybridization and hybridization. Slides were prehybridized at 45°C for 2 to 4 (v) Posthybridization treatment. The slides were washed as follows: 2x SSC for 10 min, two times, at room temperature; 2x SSC-0.1% Triton X-100-1 mM EDTA-5 mM dithiothreitol, two times at 60°C for 30 min; O.lx SSC-0.1% Triton X-100-1 mM EDTA-5 mM dithiothreitol at 60°C for 30 min.
They were then treated with 40 pug of RNase A and 10 U of RNase T1 per ml in 10 mM Tris (pH 7.5)-0. (vii) Special controls. As a control for nonspecific grain production, uninfected cell cultures and sections from uninfected kits were reacted with ADV probes. Also, DNase treatment was done to show that the probe bound to DNA. The DNase treatments were done at two different stages of the in situ procedure, as follows. First, cells were harvested and suspended in phosphate-buffered saline (pH 7.3-10 mM MgCl2-1% fetal calf serum-500 ,ug of DNase per ml for 60 min at 37°C. The samples were then washed with phosphatebuffered saline and processed routinely. Alternatively, fixed cells were treated with 500 ,ug of DNase per ml in 20 mM Tris (pH 7.4)-10 mM MgCl2 for 60 min at 37°C immediately after proteinase K treatment. This DNase treatment of the cells abolished the signal from both probes (not shown), confirming that the probes hybridized specifically to DNA. Finally, for control of probe binding to single-stranded versus double-stranded DNA, cells were treated with the single-strand-specific mung bean nuclease (Pharmacia, Piscataway, N.J.) at a concentration of 40 U/ml in 50 mM sodium acetate-50 mM NaCl-1 mM ZnCl2 (pH 5.0) at 45°C for 45 min (9).
(vii) Sensitivity of the hybridization. When number of grains was correlated to number of genomes per infected cell containing a large amount of viral genomes (96 h p.i.), the theoretical sensitivity of the assay was approximately 300 genomes per infected cell, assuming that cells containing more than three times background counts were detectable. At low genome content (6 h p.i.), however, it was possible to detect about 20 genomes per positive cell, a level comparable to previously reported finding in other systems that used RNA hybridization probes in situ (13) . The difference in sensitivity for samples containing large amounts and small amounts of ADV genomes is probably due to higher background counts in the large-genome-content samples caused by the higher concentration of probe necessary to saturate the sample. Also, it might be partly due to diffusion of sample genomes, as reported for other systems with high levels of genomes per cell (13) . RESULTS Correlative studies on ADV-infected cell cultures. The replication of ADV in the permissive Crandell feline kidney cell line has been previously studied (9; Bloom et al., in press). However, to provide a direct comparison with the in situ hybridization analyses, some of these experiments were repeated.
(i) Demonstration 1 . IFA of uninfected (control) and ADV-G-infected CRFK cells. Cells were cytocentrifuged onto slides as detailed in Materials and Methods at the indicated times after infection. The cells were stained either with FITC-conjugated IgG from infected mink (left) or with a monoclonal antibody specific for ADV structural proteins (right). Forty-eight hours after infection, nuclear fluorescence was predominant with both methods. Seventy-two hours after infection, the fluorescence was both nuclear and cytoplasmic, and at 96 h, the fluorescence was predominantly cytoplasmic, although nuclear fluorescence could be seen in a few cells by using the mink anti-ADV IgG.
(ii) Demonstration of specific ADV DNA in infected cell cultures. We next examined the pattern and intracellular location of ADV DNA sequences by Southern blot hybridization. At high MOI, single-stranded virion DNA was detected 6 h p.i., probably reflecting input virions. From 24 h p.i., both single-stranded virion and duplex RF DNA were detected, and the levels of both increased with time.
When purified nuclear and cytoplasmic cell fractions prepared 72 h after inoculation of the cells were examined to localize DNA species, more than 90% of the single-stranded virion DNA was in the cytoplasmic fraction, while more than 90% of the duplex RF DNA was in the nuclei (not shown). When these findings were correlated with the IFA results, they suggested compartmentalization of virions in the cell cytoplasm and RF DNA in the nuclei.
(iii) In situ hybridization on infected cell cultures. In situ molecular hybridization was next performed on parallel samples, using the strand-specific probes. The "plus"-sense probe hybridizes to both single-stranded virion DNA and duplex RF DNA, while the "minus"-sense probe preferentially reacts with RF DNA (3; Bloom et al., in press).
When cells were infected at a low MOI, no grain count over background could be detected at 6 h p.i. with either probe. At 24 h p.i., grains were found over nuclei by using both probes, indicating that complementary strands of DNA were being produced at this time point and that the bulk of both virion and complementary strands of ADV DNA were localized to the nuclei. Subsequently, the localization of the plus-sense signal became diffuse, covering both nuclei and cytoplasm of the infected cells, while the minus-sense signal remained mainly nuclear (Fig. 2) .
Grain counts (after short exposure times) were made 48 and 72 h p.i. ( Table 1 ) and confirmed that the distribution of the plus-and minus-sense signals was significantly different (P < 0.005). Treatment with the single-strand-specific mung bean nuclease (9) reduced by about 80% the grains generated by the plus-sense probe in the cytoplasm, but reduced nuclear grains by only 30 to 35%. The same treatment reduced the minus-sense signal by only 25 to 30%, and the distribution was still predominantly nuclear. These findings indicated that the cytoplasmic localization of most of the plus-sense signal was due to single-stranded virion DNA of minus sense and that most of the nuclear minus-sense signal was due to duplex RF DNA resistant to mung bean nuclease treatment. Correlating this information with localization of IF and RF DNA in the nuclei, we concluded that the presence of a signal over the nucleus with the minus-sense probe represented RF ADV and that a reaction with the plus-sense probe over the cytoplasm represented singlestranded virion DNA.
At 24 h and later, the same percentage of cells was recorded positive by using either of the probes ( Table 2) .
The results from these cell culture experiments indicated that the strand specificity of the probes was maintained in situ. Furthermore, a signal over the nuclei, found with the minus-sense probe, was a good marker for ADV replication, and a cytoplasmic signal with the plus-sense probe represented virion DNA. For convenience, we will hereafter refer to the minus-sense probe as the RF probe and the plus-sense probe as the virion probe.
Analysis of ADV-infected mink kits. The experiments in CRFK cells provided a convenient framework on which to examine the distribution of ADV antigen and DNA in sections from organs of ADV-infected mink kits.
(i) Demonstration of ADV antigen in infected kits. IFA was done on frozen sections of lung, liver, spleen, mesenteric lymph node, and kidney from kits killed at p.i.d. 12 . In tissues from control kits, no specific ADV fluorescence was seen (Fig. 3a) . In lung tissue from infected kits, viral antigen was observed in cells resembling alveolar type II cells (Fig.  3b) . The alveolar type II cell, responsible for the production of alveolar surfactant, is a large, cuboidal cell characteristically situated in corners of the alveoli (41) . The intracellular pattern of fluorescence in infected cells was similar to that seen in infected CRFK cells, i.e., nuclear and cytoplasmic. Liver, spleen, and mesenteric lymph node also contained high levels of ADV antigen; however, in marked contrast to lung tissue, the antigen in these organs was always cytoplasmic or intercellular. The antigen was diffusely distributed in liver sections (Fig. 4a ), but in mesenteric lymph node and spleen it was concentrated at the periphery of germinal centers (Fig. Sa) in a pattern like that described for infected adult mink (9, 39) . In the kidney, viral antigen was found in scattered single cells, probably tubule cells, and in cells lining the renal pelvis. Viral antigen was also found in a granular "lumpy bumpy" pattern in the glomeruli (Fig. 6a) , and furthermore, a similar distribution of mink immunoglobulin was also demonstrable (Fig. 6b) Forty-eight hours after infection, grains were found over nuclei by both probes; at 72 and 96 h the RF signal remained mainly nuclear, whereas the virion probe signal became diffuse, covering both nuclei and cytoplasm. (3) .
In lung, cells scoring positive with either probe had the same morphology and distribution as those containing ADV antigen and were probably alveolar type II cells (Fig. 3d, f In situ hybridization on PLPG-fixed paraffin section of liver from a 12-day-old infected kit, using the virion probe. Heavy grain production is seen diffusely over cells scattered throughout the liver parenchyma. (c) In situ hybridization on a parallel liver section, using the RF probe. Heavy grain production is seen densely localized over a single cell, probably a hepatocyte (arrow). Bars, 16 p.m.
.I4 I a cation (Fig. 6d) , but when the virion probe was used, glomeruli were strongly positive (Fig. 6c) , suggesting that virus particles were sequestered in these structures. Such an uptake of virions in glomeruli could be demonstrated as early as 4 days after infection and increased with time after infection. The juxtamedullary glomeruli were always mostly affected. Cells lining the renal pelvis were also frequently positive for viral sequences.
The intestine had the lowest number of positive cells of any organ examined. The cells positive for ADV replication and sequestration were always in the lamina propria of villi or in cells around blood or lymph vessels in the intestinal wall (Fig. 7) . The enterocytes were always negative with either probe.
In the spleen and mesenteric lymph node, cells positive for viral replication were detected but could not be characterized with certainty. These cells were most often found in the middle of germinal centers (Fig. Sc) . When the virion probe was used, most grains were formed over cells in the periphery of germinal centers (Fig. Sb) . This localization of virions correlates well with the finding of viral antigen around germinal centers in the mesenteric lymph node and spleen by IFA. Circulating leukocytes from infected kits were also examined; no cells positive for viral replication could be demonstrated, but a very few cells (<0.005%) had taken up virion DNA. DISCUSSION The present paper describes for the first time the successful use of strand-specific in situ hybridization to distinguish between cellular sites of viral replication and sites of viral sequestration during a parvovirus infection. One earlier attempt to address this issue used whole body sections blotted onto nitrocellulose filters (28) , but this technique did not provide sufficient details at the cellular level. We studied a naturally occurring, economically very important parvovirus infection in mink, namely, ADV infection. Initially the infection was studied in vitro using a permissive cell culture system. These data showed that the strand specificity of the ADV RNA probes could be extended to include in situ hybridization analyses; that is, it was possible to distinguish the localization of the virion minus strand from that of the complementary plus strand, a marker for viral replication. The experiments indicated that ADV DNA replication occurred in the nuclei of infected cells, but that (36) .
In the kidney, replication of virus was found in various kinds of tubule cells, but the glomeruli were negative. In marked contrast, the glomeruli were strongly positive for sequestered virion DNA and were also positive for viral antigen and mink immunoglobulins. This is the first report giving direct evidence for the presence of ADV DNA in glomeruli, and moreover, the coexistence of virion DNA, viral antigen, and mink immunoglobulins suggested an early state of immune complex glomerulonephritis, in which intact virions probably were one of the components. The juxtamedullary glomeruli were most affected, suggesting that filtration mechanisms may be responsible for virion uptake from the bloodstream since these glomeruli are most efficient in renal filtration during kidney maturation (23, 29) . Cells lining the renal pelvis were also positive for viral sequestration, suggesting that virions may have been sieving through glomeruli, passing with the urine through the kidney tubules, and being taken up by cells lining the renal pelvis. Furthermore, these findings implied that virus might be shed in voided urine.
In the intestine, cells positive for both replication and sequestration were in the lamina propria of villi and around blood and lymph vessels. The exact identity of these cells could not be established, but lymphocytes, macrophages, and fibroblasts were good candidates because these cells often are found in these locations (6, 8) . Enterocytes, however, were consistently negative, suggesting that these cells are not permissive for ADV replication. This was surprising since these cells rapidly divide and, moreover, are permissive for replication of mink enteritis parvovirus (30) . The findings suggest that ADV, in common with other parvoviruses (43; 46) , needs other factors, in addition to rapidly dividing cells, to replicate.
In the mesenteric lymph node and spleen, the cells positive for viral sequestration were situated around germinal centers, consistent with results of IFA published for adult mink (9, 39) . These findings suggested that virus was sequestered in phagocytic, perhaps antigen-presenting, cells often found in the periphery of germinal centers (33, 34, 40) . In contrast, cells replicating ADV were located in the middle of germinal centers, suggesting that affected cells may be immature lymphocytes, a cell population characteristically found in this location (40 infected kits were examined, no cells were positive for viral replication, and only a very few were positive for viral sequestration. These data suggested that, although evidence of viral replication was found in lymphatic tissue, the presence of ADV in circulating leukocytes, including lymphocytes, is not a major feature of ADV infection in neonatal mink.
Infectious immune complexes in serum of ADV-infected adult mink have previously been reported (35) . In the present study, high levels of virion DNA were found free in serum, and moreover, this DNA probably represented viremia, i.e., free virus particles, because the DNA detected in serum was single stranded, resistant to DNase treatment, and pelletable by ultracentrifugation. These findings suggest that distribution of virions via the bloodstream and subsequent uptake in phagocytic cells or deposition in glomeruli might be an important mechanism for viral sequestration during ADV infection in neonatal mink. a Newborn mink kits were inoculated with ADV-Utah I, and two kits were Further studies using strand-specific in situ hybridization are in progress to elucidate the cellular sites of ADV replication in adult mink and to delineate the subcellular localization of DNA species during other parvovirus infections.
